Abstract. Although the use of fibre reinforced concrete (FRC) for structural applications is continuously increasing, it is still limited with respect to its potentials. This can be mainly attributed to the lack of international building codes for FRC structural elements. This paper aims to contribute to the development of suitable design principles for shear in FRC elements by presenting the preliminary results of 6 full-scale pretensioned steel-fibre reinforced concrete members. The main investigated parameters are the amount of prestressing, the amount of shear reinforcement and the fibre dosage respectively. All specimens are subjected to a four-point bending test until failure. Traditional mechanical measurement devices are used in combination with advanced optical measurement systems (i.e. stereo-vision digital image correlation 3D DIC and Bragg grated optical fibres). Apart from the full-scale tests, a number of small-scale experimental investigations are performed to characterize the material properties. The experimentally determined results are compared to predictions using analytical models found in Eurocode 2 (EC2) and Model Code 2010 (MC2010). Based on the obtained full-field data from the DIC systems and the detailed deformation information obtained from the Bragg grated optical fibres, an assessment is made of the mechanical behaviour.
INTRODUCTION
A number of studies were already carried out to study the flexural behaviour of SFRC beam elements [1] [2] [3] [4] [5] [6] [7] . On the contrary, only a limited amount of research has been devoted to study the shear behaviour of beams where traditional shear reinforcement is (partly) replaced by steel fibres. Shear-critical structural concrete elements, i.e. elements failing due to shear, generally fail in a very brittle manner. These members could therefore specifically benefit from the enhanced post-cracking behaviour provided by the use of SFRC.
Noghabai [8] conducted several experimental tests on beams of different dimensions and shear spans and composed of different types of fibres. His results show that the presence of fibres is essential in the observed structural behaviour. Experimental work carried out by Meda et al. [9] indeed showed that the shear behaviour of fibre reinforced concrete beams without additional shear reinforcement is similar to or even better than that of beams with shear reinforcement. An extensive research program on steel fibre reinforced beams, carried out within the framework of a Brite Euram Program [12] , showed that steel fibres can substitute the minimum shear reinforcement necessary in ordinary reinforced concrete members to ensure a ductile failure. This was recently reaffirmed by Kang et al. [13] and Abbas et al. [14] . However, conclusive experimental data on prestressed shear-critical steel fibre reinforced concrete is still absent in the literature.
Based on experimental evidence, it is thus currently established that steel fibres have a positive effect on the shear behaviour of structural concrete elements in both the serviceability limit state (SLS) and ultimate limit state (ULS). However, determining the actual contribution of the steel fibres to the overall shear capacity of full-scale elements still remains open for discussion. As a consequence, most proposed modeling procedures are empirical or semi-empirical design approaches based on linear and nonlinear regression analysis of experimental databases [13, 15, 16] . Moreover, these design procedures are mainly derived from experimental results on reinforced concrete members and their use is generally extrapolated to prestressed concrete elements. Applying these models to prestressed elements should thus be done with due caution. This paper therefore aims to improve our understanding of the mechanical behaviour of shear in ordinary and steel-fibre reinforced prestressed concrete beams by presenting the preliminary results of the experimental investigation and subsequent analysis of 6 full-scale shear-critical prestressed steel-fibre reinforced concrete beams. In the first section, the experimental program is elaborated. Specific attention is given to the experimental setup and the use of advanced optical measurement methods (i.e. stereo-vision digital image correlation and Bragg grated optical fibres). Secondly, the full-scale results are presented and compared to analytical predictions according to Model Code 2010 and Eurocode 2. The obtained experimental displacement and deformation results are finally analysed to assess the mechanical response during the loading procedure.
EXPERIMENTAL RESEARCH

Test Specimens
Each specimen was labelled with the descriptive letter B followed by a number ranging from 401 to 406. All specimens where characterized by an I-shaped cross section and were 7000 mm long, 630 mm high and had a flange width equal to 240 mm. The web width was equal to 70 mm. Each beam was prestressed using seven 7-wire strands at the bottom and one 7-wire strand at the top (nominal diameter 12.5 mm). All strands of specimens B401-B403 were given an initial prestrain equal to 7.5×10 −3 mm/mm (σ p0 = 1488 MPa) whereas the initial prestrain given to the strands of specimens B404-B406 was equal to 3.8×10 −3 (σ p0 = 750 MPa). While it is uncommon in the industry to apply stress levels below the allowable, a reduced stress level was considered for beams B404-B406 to assess the influence of a varying prestressing force on the overall shear capacity while keeping the longitudinal reinforcement ratio constant.
Conventional shear reinforcement consisting of single-legged stirrups (nominal diameter 6 mm with a centre-to-centre distance equal to 150 mm) was provided in specimens B401 and B404. Steel fibres (hooked end Dramix RC-80/30-CP, length 30 mm, diameter 0.38 mm, tensile strength 3070 MPa) were added to the concrete mixture to replace the conventional shear reinforcement in the remaining specimens. Beams B402 and B405 were provided with 20 kg/m 3 whereas 40 kg/m 3 was provided in specimens B403 and B406. To avoid splitting failure at the end of the specimens due to the gradual development of the pre- stressing force over the member's height, splitting reinforcement was provided consisting of closed double-legged stirrups (nominal diameter 8 mm, centre-to-centre distance equal to 50 mm). The geometry and reinforcement layout is presented in Fig. 1 . Demountable mechanical strain gauge points were provided on each specimen to allow for the quantification of the immediate and time-dependent stress losses (assuming perfect bond between concrete matrix and prestressing strands). At the time of testing, it was found that 90% of the initial prestressing force was retained in the bottom strands whereas the stress level at the time of testing in the top prestressing strands was found to be equal to 95 % of the initial stress.
Materials
A self-compacting concrete mixture was used to cast the presented test specimens. Additional mechanical vibration applied onto the steel formwork was used to ensure a good compaction of specimens B402-B403 and B405-B406. The mixture properties are listed in Table 1. All adopted mixtures were designed to have a characteristic cylindrical compressive strength f ck of 50 MPa. All mixtures were made in volumes of 1.5 m 3 . Together with each specimen, 3 cubes (150×150×150 mm 3 ), three prisms (150×150×600 mm 3 ) and three cylinders (diameter/height equal to 150 mm/300 mm) were cast to determine the mean cube compressive strength f cm,cube the mean cylindrical compressive strength f cm , the mean secant modulus of elasticity E cm , the mean flexural tensile strength f ctm,f l and the residual flexural tensile strength f R,j (with j = 1, 2, 3, 4) in the case of steel fibre reinforced concrete. The experimentally determined material properties are listed in Table 2 . The mean concrete density ρ m and the age at the day of testing is also presented in Table 2 . respectively. The derived residual flexural tensile strengths f R,j (with j = 1, 2, 3, 4) are presented in Table 3 . Tensile tests were performed on the reinforcement steel to determine the mean yield strength f ym , the mean ultimate tensile strength f tm with the corresponding strain at failure su and the modulus of elasticity E s . The same properties of the prestressing steel were taken from the technical information provided by the precast manufacturer. The results are shown in Table 4 . 
Experimental setup
All specimens were subjected to a four-point bending test using a hydraulic press (Instron, maximum capacity 2500 kN), schematically depicted in Fig. 3 (a-b) and shown in Fig. 4 (a). All tests were carried out in load-control following a progressive damage loading scheme. Fig. 5 (a) shows a typical progressive damage loading scheme as a function of time whereas Fig. 5 (b) presents the corresponding loaddisplacement response curve. The loading ratė P was equal to 0.25 kN/s (shear force rateV equal to 0.125 kN/s) whereas the total unloading rate was equal to 0.25 kN/s (first cycle) or 1.00 kN/s (second cycle). The distance between the support points is 5000 mm. The distance outside the support points was therefore equal to 1000 mm at each end. This allows the authors to study shear outside the length needed for the prestressing force to gradually develop over the member's height. The shear span a was equal to 2200 mm for all specimens. This results in a shear span-to-effective depth ratio 
Instrumentation and adopted optical measurement techniques
Continuous measurements of all specimens were measured using LVDTs and an optical photoelectric sensor (Baumer Photoelctric OADM 12U6460, resolution 96×10 −3 mm, see Fig. 3 (a) ). However, if the mechanical behaviour is to be thoroughly understood, more detailed displacement and deformation data is required over the entire loading range. Setups employing the aforementioned measurement methods rapidly become cumbersome and time consuming. Therefore, advanced optical measurement methods were employed to facilitate the mechanical characterisation of the presented test beams during the applied loading procedure. Two Stereo-vision digital image correlation (3D-DIC) systems were used to analyse the full-field displacement and deformation field, refer to Fig. 3 (a) . Bragg grated optical fibres were used during the experiments on specimens B403 (top flange) and B404 (top and bottom flange) to accurately measure the horizontal strains in the flanges, refer to Fig. 3 (b) . In the following, the adopted measurement techniques will be briefly presented.
Stereo-vision digital image correlation (3D-DIC)
As an optical full-field measurement technique, digital image correlation has proven to be an ideal tool to a wide array of applications, including the identification of the mechanical FBG2  FBG3  FBG4  FBG5  FBG6  FBG7  FBG8  FBG9  FBG10  FBG11  FBG12  FBG13  FBG14   FBG15  FBG16  FBG17  FBG18  FBG19  FBG20  FBG21  FBG22  FBG23  FBG24  FBG25  FBG26  FBG27  FBG28 (b) Back view of experimental setup material behaviour through inverse modelling, structural health monitoring, and the study of the deformation characteristics of a wide range of materials. The basic principle behind this technique is to calculate the displacements on the surface of an object by taking digital images of a gray speckle pattern in the undeformed and deformed state. Three main steps are usually followed: (1) capture images; (2) correlation process; and (3) post-processing phase.
In the reported study, both zones where a shear force occurs were investigated by using two-stereo-vision DIC systems. Each zone under investigation measured approximately 1500 mm by 630 mm. Each system consists of two CCD 8-bit cameras (AVT Stingray F201-B, 12 mm focal length lens) mounted on a tripod. The cameras were located at a perpendicular distance of 2700 mm from the web of the specimens. The image acquisition rate was equal to 1 Hz with a camera exposure time of 12 ms. Each image is synchronized with the analogue data (applied force and corresponding stroke) of the hydraulic press
In this contribution, a traditional subsetbased method was employed. The formalism is clearly explained by Lava et. al. [17] . Maximization of the degree of similarity between two subsets is obtained by adopting the Zero-Normalised Sum of Squared Differences (ZNSSD) correlation algorithm. The size of the subset was chosen equal to 27 px by 27 px (step size 3 px) where the physical dimension of one pixel approximates 1 mm. Due to the large zone under investigation a relatively large speckle size is required. Moreover, the same speckle pattern must be applied in a controllable way onto each specimen to obtain the same level of accuracy and precision for all tests. Therefore, a numerical technique based on image processing and Fourier transform [18] in combination with a novel stencil printing technique has been adopted. This allows the authors to apply a tailor-made speckle pattern with a controllable speckle size and spatial distribution in a repeatable way onto each specimen. More detailed information is presented by De Wilder et al. [19] .
The correlation procedure and the postprocessing is done using the in-house developed MatchID software [17] . For the reported setup, the standard deviation of the in-plane displacement components u i (with i = x, y) was found to be equal to 17×10 −3 mm respectively 8×10 −3 mm. The standard deviation of the outof-plane component was an order of magnitude higher (equal to 101×10 −3 mm. The latter is less important for the reported investigations.
Bragg grated optical fibres (FBG)
Strain monitoring with optical fibres engraved with Bragg gratings relies on the analysis of the wavelength spectrum which is reflected by the Bragg gratings. If a change in length of the optical fibre occurs, a shift in the reflected wavelength is induced where a positive shift in wavelength is related to elongation of the fibre. Here, one (top flange, B403) or two (top and bottom flange, B404) optical fibres (FOS&S, type SMW-01) based on Draw Tower Grating technology were applied, refer to Fig. 3 (b) . The optical fibres have a primary ORMOCER coating. A high resolution FBG interrogator was applied for readouts of wavelengths between 1525 nm and 1565 nm. Each optical fibre was equipped with 14 FBG sensors with a base length of 500 mm. Each fibre is mechanically fixed into brass anchoring blocks, refer to Fig. 4 (b) , which are glued onto the concrete side surface using a two-component adhesive. This setup allows for the fibre to be removed prior to failure to avoid damage. Finally, an extruded polystyrene cover was placed over the fibres to thermally shield the sensors from the environment. The strain resolution of the presented setups is approximately equal to 1 µS.
FULL-SCALE EXPERIMENTAL RE-SULTS
This section presents the experimentally observed structural behaviour. Fig. 6 (ab) present the observed load-displacement response curves at the location of the applied point loads. Fig 6 (a-b) clearly shows that all specimens exhibit a profound post-cracking be- haviour, even for highly prestressed specimens with a relatively low fibre dosage, refer to specimen B402. All specimens were designed to fail in shear. Indeed, a shear failure mode, i.e. diagonal tension failure (S-DT), was encountered for all specimens. Severe web cracking led to yielding and rupture of the shear reinforcement elements for specimens B401 and B404. The steel fibres of specimens B402-B403 and B405-B406 were found to be pulled out of the concrete matrix at failure. Fibre rupture was not encountered during the experiments. The experimentally observed failure mode for specimens with and without fibres is presented in Fig. 7 (a-b) . Table 5 presents the experimentally observed failure load and failure mode properties for each test specimen, compared to analytical predictions according to Eurocode 2 (EC2) [20] and Model Code 2010 (MC2010) [21] . For beams without fibres and with shear reinforcement (B401 and B404), the shear design procedure of EC2 is used. Since EC2 does not currently provide a design procedure for SFRC beams, MC2010 is used for the beams with fibres (B402B403 and B404B405). For the estimation of the actual failure load, the partial safety factors are omitted and the average material properties, refer to Tables 2 3, are used. Since the amount of traditional shear reinforcement is relatively low, yielding of the shear reinforcement occurs prior to crushing of the compressive struts. Hence, the shear capacity V R of specimens B401 and B404 is to be determined using Eq. (1).
In Eq. (1),
Asw s
is the amount of shear reinforcement per unit length, z is the internal lever arm (taken equal to 0.9d), f ym is the mean yield stress of the shear reinforcement and θ is the angle between the horizontal and the inclined compressive stress field. The minimum allowable value (thus maximum allowable value of cot θ) is adopted here and is determined using Eq. (2) [22] (where σ cp is the average stress due to the applied prestressing force).
The shear capacity of members with fibres and conventional longitudinal reinforcement and without shear reinforcement V R,F is given by Eq. (3). This model is based on the shear capacity of plain concrete (as used in EC2), including a contribution of the distributed fibres by increasing the longitudinal reinforcement ratio with a factor that takes into account the toughness properties, i.e. the residual postcracking tensile strength, of FRC [23] .
In Eq. (3), f F tum denotes the mean ultimate residual tensile strength for FRC, by considering the linear model presented in Eq. (4) whereas f ctm can be derived from f ctm,f l based on [24] . The maximum crack opening w u is equal to 1.5 mm and CMOD 3 is 2.5 mm. The mean flexural tensile strengths f Rm,1 and f Rm,3 were presented in Table 3 . From the results presented in Table 5 and Fig. 6 , following preliminary conclusions can be made.
1. An increased prestressing force, with a constant longitudinal reinforcement ratio, results in an increased shear capacity for specimens with (B401-B404) and without (B402-B405, B403-B406) shear reinforcement. An increased amount of fibres, for specimens with a constant prestressing force and without shear reinforcement, also results in a higher shear capacity (B402-B403, B405-B406), as expected.
2. Although all specimens failed due to shear, a clear distinction has to be made between the failure development of beams with shear reinforcement and beams with fibres. Multiple cracks occur for elements B402-B403 and B405-B406 (with fibres) whereas one major crack where all the deformation is localized is observed for beams B401 and B404 (with conventional shear reinforcement). Failure of specimens B401 and B404 is very brittle, highly energy releasing and occurs without the possibility of redistribution of internal forces. Failure of fibre reinforced specimens on the contrary is more ductile, even though a shear failure mode is observed, and redistribution of internal forces is to some extent possible.
3. The predicted failure loads are always an underestimation of the experimentally observed ones. Therefore, the design procedures of Eurocode 2 and Model Code 2010 result in highly conservative failure loads, even if partial safety factors are omitted and average material properties are used instead of design values.
The mean experimental-to-predicted failure ratio is 1.36, with a coefficient of variation of 7.2% and a relatively high correlation of 0.98.
DISCUSSION
This section further explores the experimental displacement and deformation data, obtained from the 3D-DIC and FBG systems, to further investigate the discrepancy between the experimental results and analytical calculations presented in Table 5 . Firstly, the conventionally reinforced specimens B401 and B404 are scrutinized. The model for shear adopted by EC 2, referred to as the variable angle truss model (VATM), assumes that the mechanical behaviour of a cracked structural concrete member can be represented by a parallel chord truss. The horizontal top and and bottom chords resist the applied bending moment whereas a set of inclined compressive struts and (vertical) tension ties resist the applied shear force. This model assumption can be assessed using the FBG strain data. Fig. 8 (b-c) show the measured horizontal deformation due to the applied loading at the top and bottom flange during one loading cycle, depicted in Fig. 8 (a) . From these measurements, the evolution of the distance between the most compressed fibre and the unstrained fibre y ε as a function of the length along the beam can be assessed. The typical results for one load cycle are presented in Fig. 8 (d) for specimen B404. From Fig. 8 (d) a nearly parabolic course of the distance between the most compressed fibre and the unstrained fibre can be noticed. Near the support points, this distance becomes larger whereas the value of y ε is the smallest in the middle of the span. Hence, the internal lever arm between the compressive and tensile force decreases and arch or direct strut action is activated. The latter contributed to the overall shear capacity and could explain why the VATM adopted from EC 2 performs poorly in estimating the total shear capacity. However, it is generally believed that arch or direct strut action is only significant for specimens with a shear span-to-effective depth ratio lower than 2.5. Here, the shear span to effective depth ratio is equal to 3.95 Finally, the experimental results of the steelfibre reinforced concrete specimens can be analysed. Since full-field displacement data is available from the 3D-DIC measurements, the actual crack width of the critical shear crack, i.e. the crack where eventually failure was initiated, can be evaluated. Based on the nominal stress-CMOD relationship, refer to Fig. 2 (ab) , the experimental fibre contribution can be estimated. Fig. 9 shows the typical vertical displacement field u y (x, y, z) near failure as a function of the surface coordinates of specimen B402. Based on the measured 3D displacement field, the crack widths can be determined, assuming that the entire deformation is located in the crack. Therefore, 6 virtual extensometers (referred to as A1A2-F1F2, left to right on Fig. 9 (a)) were placed perpendicularly over the critical shear crack. The cracking pattern at failure is also depicted in Fig. 9 (b) . The measured crack width prior to failure is presented in Fig. 9 (c) whereas the corresponding nominal stress σ N is plotted in Fig. 9 (d) . After failure, cores (diameter 113 mm) were drilled to investigate the fibre orientation and fibre distribution. The locations of the drilled cores for specimens B402 are also indicated in Fig. 9 (b) . A random fibre orientation and even distribution was observed along the critical shear crack. Given the critical shear crack geometry and inclination (crack length approximately 1020 mm, mean crack inclination 14.5
• , refer to Fig. 9 (b) ), a lower bound for the fibre contribution of specimen B402 is 138.3 kN (adopting a residual stress value equal to 2 MPa). This observed value is significantly higher than the fibre contribution according to Eq. (3) found in Model Code 2010. The latter can be found by subtracting the shear capacity of the same specimen without fibres from the shear capacity obtained using Eq. (3). A fibre contribution of 37.2 kN was found accordingly for specimen B402. Similar significant underestimations of the fibre contributions were found for the remaining fibre reinforced prestressed specimens. It can thus be concluded that the contribution of the steel fibres to the overall shear capacity is severely underestimated using Eq. (3) which, together with the earlier determined arching action, could provide a plausible explanation for the poor estimation of the shear capacity of the presented steel fibre reinforced test beams.
CONCLUSIONS
This paper aimed to investigate the mechanical behaviour of shear-critical prestressed steelfibre reinforced concrete beams using advanced optical measurement methods. Six full-scale specimens were tested until failure following a four-point bending test setup with a progressive damage loading procedure. The main investigated variables are the amount of prestressing, the amount of shear reinforcement and the fibre dosage respectively. Both the stereo-vision digital image correlation technique and Bragg grated optical fibres were adopted to generate valuable displacement and deformation data which allow for a better insight in the mechanical behaviour of the presented test beams.
All presented test beams failed due to shear in a diagonal tension failure mode. The experimental results were compared to analytical calculations using both EC 2 and MC 2010. A severe underestimation of the actual failure load was found. Based on the deformation data obtained from the Bragg grated optical fibres, it was found that arching action is an important bearing mechanism and could explain the discrepancy between the experimental results and predictions for the ordinary prestressed con- crete beams. Moreover, the three-dimensional displacement field obtained from the stereovision digital image correlation measurements, in combination with the determined material behaviour, revealed that the contribution of the fibre reinforcement is higher than the contribution attributed to the fibres using the current design expressions in Model Code 2010.
It is thus clear that an improved mechanical model is required to accurately estimate the contribution of the provided steel fibre reinforcement. Further research will focus on the numerical simulation of the presented test beams adopting a meso-scale modelling approach where the actual fibre orientation, determined from the experimental structural tests, will be modelled.
